Abstract. Self-patterning presents an appealing alternative to lithography for the production of arrays of nanoscale ferroelectric capacitors for use in high density non-volatile memory devices. Recently a self-patterning method, based on the use of the instability of ultrathin films during hightemperature treatments, was used to fabricate nanosized ferroelectrics. This paper reports the use of the method for the preparation of PZT nanoislands on different single crystalline substratesSrTiO3, MgO and LaAlO3. Moreover, a multi-step deposition procedure in order to control lateral the dimension of the crystals was introduced. The nanostructures obtained were studied by atomic force microscopy, scanning electron microscopy and X-ray diffraction.
Introduction
Multifunctional ferroelectric materials possess a wide range of useful properties ranging from switchable polarization, that can be applied in memory devices, to piezoelectric and pyroelectric properties which can be used in actuators, transducers and thermal sensors [1, 2] . However, before fundamental questions about the influence of the lateral size of structures on the physical properties are answered, ferroelectrics cannot be applied to nanometer scale devices. In real systems it is difficult to distinguish between the intrinsic and extrinsic size effects caused by crystal imperfections or surface effects [3] . Recently, it was shown that misfit dislocations caused by lattice mismatch between nanoferroelectrics and the substrate have a significant influence on the physical properties of the ferroelectrics 4]. Therefore, the best way to study size effects is to use single-crystal, defect-free, mono-domain nanostructures with controlled size and orientation. Moreover, it would be of great technological significance if higher density arrays of ferroelectric capacitors could be achieved in a cost and time effective manner. One approach is to produce selfpatterned arrays of nanocrystals, in which ordering is produced by interactions between islands through the substrate. Compared to lithographic processes, self-patterning methods are faster, cheaper and enable smaller structures without defects caused by the etching processes to be fabricated. A successful method for fabricating such nanostructures has been recently presented [5] [6] [7] [8] . This self-patterning method, based on the instability of ultrathin films during high-temperature treatment [9] , enables uniform, single-crystal nanosize ferroelectric structures to be produced. It was shown that the lateral size of the nanostructures could be controlled by adjusting the thickness of the as-deposited amorphous layer and the thermal treatment. However crystallisation at high temperature can cause undesirable effects, like the formation of pyrochlore phases, or solid solutions, due to diffusion through the interface. The present work focussed on further methods of controlling the lateral size and morphology of the nanoislands. Two methods were investigated in detail: the influence of different substrates on the growth process, and a multi-step deposition process. Because lattice mismatch has a significant impact on the final properties and dislocations can affect growth process, it was decided to prepare PZT nanoislands on different single crystalline substrates like SrTiO3, MgO and LaAlO3. Additionally, in order to control the lateral dimension of the crystals, a multi-step deposition procedure was introcuced, in which the substrate with islands was covered by the next film layer. The obtained nanostructures were studied by atomic force microscopy, scanning electron microscopy and X-ray diffraction.
Experimental
Lead zirconate titanate (PZT) ultra-thin films were obtained by spin-coating a commercial precursor (PZT9906, Chemat Technology, INC.) for Pb(Zr0.52Ti0.48)O3 (PZT 52/48) and a metalorganic solution for Pb(Zr0.2Ti0.8)O3 (PZT 20/80). Different single crystals such a niobium doped SrTiO3 (STO) (001)-oriented Nb concentration of 0.5%, (CrysTec GmbH, Berlin), (001)-oriented MgO and (001)-oriented LaAlO3 (LAO) (both from Crystal GmbH, Berlin) were used as substrates. The initial film thickness was controlled by the dilution of the raw precursors in solvents (butanol or xylene) and by adjusting the spinning speed from 3000 to 6000 rpm. The gel film obtained was dried for 5 min on a hot plate at 80 o C, pyrolised for 5 min at 300 o C, and finally crystallised at 800 o C in a lead oxide atmosphere for 1 hr. Energy dispersion spectroscopy (EDS) analysis was used to check the PZT compositions. In all cases the composition after crystallisation agreed well with the nominal composition of the raw precursors. During the multi-step deposition procedure the obtained nanoislands were covered by the next amorphous layer and subjected to the same thermal treatment. This procedure was repeated several times until a coalescence process started. The obtained nanostructures were studied by atomic force microscopy (AFM) (Dimension 5000, Digital Instruments) and by X-ray diffraction (XRD) (Philips X'Pert Diffractometer).
Results
The investigation of the ferroelectric properties of the nanoislands showed that their properties are closely connected with misfit dislocations caused by the relaxing lattice mismatch stress [4, 10] . Those investigations were performed on samples in which different stress conditions were obtained by varying the PZT composition of the nanostructures fabricated on the same (001) SrTiO3 single crystal substrate. In this work another strategy was used to prepare PZT islands having the same composition, but on different substrates. The chosen substrates were (001) STO, (001) MgO and (001) LAO which include a wide range of lattice mismatch. In all cases the deposition conditions and the thermal treatment was identical. As expected, the microstructural instability generated faceted holes or islands during thermal treatment. Figures 1 (a-c) show AFM images of the morphology of the PZT (20/80) nanostructures obtained after crystallisation. In the case of PZT/STO and PZT/LAO small structures were obtained of average height 10 nm and lateral size about 50 nm. The deposition of PZT on LAO substrates produced two types of islands -smaller and larger ones having a more square shape (Fig 1c) . In both cases the islands are distributed on the substrate with a high density of about 150 -200 crystals on an area of 1µm 2 . PZT islands on MgO substrates became both larger and higher (Fig. 1b) . Their height increases to about 25 nm and the lateral size up to few hundred nanometers. Due to the conservation of the total volume the distance between close neighbours increased resulting in a low area density of the islands.
XRD analyses (Fig. 2) were performed to obtain structural information on the nanocrystals. No secondary phase peak was detected in the XRD patterns, confirming the formation of a good quality perovskite phase. PZT islands on STO have a c-orientation, whereas in case of larger misfit (PZT/MgO) both a-and c-orientations are possible. In order to control the lateral size, a multi-step deposition was introduced. T he first layer of the film broke up to form nanoislands during the crystallisation stage. These samples were then recoated with an amorphous layer having the same thickness as the first layer. Again the film broke up during thermal treatment. Most of the "old" islands increased their lateral dimension but new ones appeared with the same lateral size as those obtained previously. It was possible to repeat this procedure several times until the islands started to coalesce. Fig. 3 shows the morphology of PZT (20/80) structures on MgO after each deposition step, whereas fig. 4 shows the deposition of PZT (52/48) on STO. Due to the lower density of relatively big islands on the MgO substrate it was possible to repeat the procedure 5 times but in the case of the very dense islands on STO the procedure was limited because coalescence started during the third step. Investigations of the physical properties of the nanoislands are being undertaken in order to determine the role of misfit dislocations for the ferroelectric properties and to establish the minimum size of the epitaxial nano-sized crystals that are still capable of exhibiting switching.
Conclusions
Epitaxial nanostructures of ferroelectric PZT have been successfully fabricated on different single crystal substrates by a self-assembly route that exploits the microstructural instability developed in ultrathin films at high-temperatures. The lattice mismatch between the nanostructures and the substrate has an influence on the growth process as well as on the physical properties of the islands. The lateral size, shape and the height of the nanocrystals can be tuned by the right choice of the ferroelectric material and the substrate. An alternative method is to repeat the deposition procedure until coalescence starts. A combination of both methods, together with the adjustment of the initial film thickness and the thermal treatment, presented earlier [7, 10] , offers a powerful tool for the fabrication of ferroelectic nanocrystals. 
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